The focus of the present study was to investigate the mechanisms for the alleviation of Cu toxicity in plants by coexistent ) and the development of an electrostatic model to predict 50% effect activities (EA50s) accurately. The alleviation of Cu 2+ toxicity was evaluated in several plants in terms of (i) the electrical potential at the outer surface of the plasma membrane (PM) À W°0 Á and (ii) competition between cations for sites at the PM involved in the uptake or toxicity of Cu 2+ , the latter of which is invoked by the Biotic Ligand Model (BLM) as the sole explanation for the alleviation of toxicity. The addition of coexistent cations into the bulk-phase medium reduces the negativity of W°0 and hence decreases the activity of Cu 2+ at the PM surface. Our analyses suggest that the alleviation of toxicity results primarily from electrostatic effects (i.e. changes in both the Cu 2+ activity at the PM surface and the electrical driving force across the PM), and that BLM-type competitive effects may be of lesser importance in plants. Although this does not exclude the possibility of competition, the data highlight the importance of electrostatic effects. An electrostatic model was developed to predict Cu 2+ toxicity thresholds (EA50s), and the quality of its predictive capacity suggests its potential utility in risk assessment of copper in natural waters and soils.
Introduction
Copper is an essential micronutrient required for normal plant growth and development. At elevated concentrations it can, however, inhibit both these processes (Kopittke and Menzies, 2006) . It is currently well accepted that both total and soluble Cu concentrations are poor predictors of Cu toxicity (Janssen et al., 2003; Hassler et al., 2004) . The physicochemical characteristics of natural soil solutions and waters, such as the concentration of coexistent cations (e.g. Al 3+ , Mn 2+ , Ca 2+ , Mg 2+ , H + , Na + , and K + ), have a significant influence on Cu toxicity (De Schamphelaere and Janssen, 2002; Voigt, 2003; Fortunati et al., 2005; Lock et al., 2007; Wang et al., 2009) . Therefore, comprehensive environmental quality criteria and standards should take these modifying factors into account in order to assess the level of risk accurately. The Biotic Ligand Model (BLM) provides a useful construct for quantifying the effects of these factors on Cu toxicity to organisms (Di Toro et al., 2001; De Schamphelaere and Janssen, 2002; Janssen et al., 2003) . The BLM has therefore gained increased attention from both academic scientists and regulators and has been incorporated into the regulatory framework of the US Environmental Protection Agency (US EPA, 2007) and of the European Union Risk Assessment of existing substances (Van Sprang et al., 2007) . The central assumption of the BLM is that the magnitude of the toxic effect is proportional to the fraction (f Cu ) of the total number of physiologically active sites (R cell ) at the organism-water interface which are occupied by Cu (De Schamphelaere and Janssen, 2002) , where f Cu ¼[R cell -Cu]/[R cell ] total . The alleviation of Cu toxicity by coexistent cations C i is considered to result from competition between ameliorative ions with Cu 2+ for these active R cell sites. Thus, using ion activities in the bulk-phase medium, {I Z } b (mol l À1 ), the effect of sitespecific competition (i.e. the BLM) on Cu binding to R cell can be described as:
where The plasma membrane (PM) surface electrical potential W°0, arising from membrane surface charges, profoundly affects plant functions, especially interactions between the plant and ions in the bulk-phase medium (Kinraide, 2006; Wang et al., 2008; Kinraide and Wang, 2010) . Knowledge of W°0 enables the computation of ion activities at the PM surface with the Nernst equation:
where Z, F, R, and T are the charge of the ion, the Faraday constant, the gas constant, and the temperature (K), respectively, with (F/(RT)¼1/25.7 at 25°C for W°0 expressed in mV). The subscript 0 in È I Z É°0 denotes the activity of the ion I Z at the PM outer surface; the subscript b in {I Z } b indicates the activity in the bulk-phase medium. W°0 is often sufficiently negative to enrich cations or deplete anions at the PM surface by more than 10-fold relative to the bulkphase medium (Kinraide, 2006) . Plant root responses to ions often correlate poorly with bulk activities of a toxic metal ion ({M} b ) but often correlate better with its PM surface activity (fMg°0) (Gibrat et al., 1985; Yermiyahu and Kinraide, 2005; Wang et al., 2008 Wang et al., , 2010 Kinraide and Wang, 2010; Kopittke et al., 2010 Kopittke et al., , 2011 . In addition to enrichment of cations at membrane surfaces, W°0 also influences the surface-to-surface transmembrane potential difference across membranes (Kinraide, 2001; Wang et al., 2011) . This potential difference influences ion-channel gating and provides the electrical driving force for ion fluxes across membranes (Hille, 2001; Kinraide, 2001; Wang et al., 2011 (Tatulian, 1999) . The anionic components (commonly Cl À or SO 2À 4 ) generally have small effects because of weak binding to the PM surface and small surface concentrations because of electrostatic repulsion. Although the cell wall is negatively charged, it has small effects upon ion activities at the PM surface (Kinraide et al., 2004) .
Based on these theoretical considerations, the question is whether the way in which the alleviation of copper toxicity by coexistent cations is dealt with in the BLM (i.e. only by invoking competition) is mechanistically correct. Although it is agreed that a biotic effect occurs as a result of the reaction of a toxic metal with physiologically active sites (such as transporter, carrier, ion channel, or enzymes), it is proposed that the alleviatory effects of coexistent cations may not only result from competition (as invoked by the BLM), but at least to an important extent, also from electrostatic effects. Specifically, the question is whether the alleviation of Cu toxicity by coexistent cations (the decrease in f Cu ) occurs as a consequence of the occupancy of R cell by ameliorative ions (i.e. by an increase in [R cell -C i ]) (i.e. the BLM)? Or alternatively, is the decrease in [R cell -Cu] not caused by competition, but rather by a reduction in the activity of Cu 2+ at the PM surface caused by a reduction in the negativity of W°0 resulting from the addition of coexistent cations? The aims of the present study therefore were (i) to evaluate the mechanisms for the alleviation of Cu toxicity by coexistent cations in terms of f Cu , and (ii) to integrate the BLM and the electrostatic effects of W°0 and to develop a model to predict Cu toxicity thresholds using EA50{Cu 2+ } b (the free Cu 2+ activity in the bulk-phase medium required to produce a 50% inhibiting effect).
Materials and methods and electrostatic model description
The Gouy-Chapman-Stern model and calculation of W°0 The W°0 can be computed with a Gouy-Chapman-Stern (GCS) model (Kinraide et al., 1998; Kinraide and Wang, 2010; ). The GCS model combines a classic electrostatic Gouy-Chapman theory and ion binding (Stern model). The GCS model incorporates the intrinsic surface charge density (r 0 ) of a membrane, the ion composition of the bathing medium, and ion binding to the membrane. A detailed analysis indicates the suitability of r 0 ¼ -30 mC m À2 whilst also noting small variability among membranes (Kinraide and Wang, 2010) . Now, a fully parameterized GCS model is available to calculate the W°0 of many plants as a function of the composition of the ionic environment [see Kinraide and Wang (2010) for details].
Electrostatic model predicting toxicity endpoint
To invoke an adverse effect, the metal must first react with physiologically active sites on the PM surface, often but not necessarily followed by transport and internalization. In the case of Cu toxicity, many studies have demonstrated that internalized Cu is a better predictor of toxicity than free Cu 2+ ion activity when the bulk medium composition is varied (De Schamphelaere et al., 2005; Arnold et al., 2008; Wang et al., 2010 (Taylor et al., 1991; Kinraide et al., 1992) .
where a and b are curve fitting parameters; a (mol À1 m 2 s) is a strength coefficient that increases with the strength of the metal toxicity, and b (dimensionless) is a shape coefficient that confers sigmoidality when its value >1. It is noteworthy that sometimes large differences in tolerance are observed among plant species. The differences in a and b coefficients denote differences in sensitivity. Wang et al. (2011) proposed that W°0 has dual effects on the uptake and toxicity of metals. First, it impacts upon the activity of Cu 2+ at the PM surface, È Cu 2þ
É°0
. Second, it influences the surfaceto-surface transmembrane potential difference, E m,surf (i.e. the difference in potential between the inner and outer surfaces of the PM), which is the electrical driving force for the transport of Cu across the PM (Hille, 2001; Kinraide, 2001) , Thus, depolarization of the PM (i.e. a decrease in negativity) induced by the addition of coexistent cations causes decreases in W°0, which results in a decrease in È Cu 2þ É°0 but a simultaneous increase in the negativity of E m,surf (i.e. an increase in the electrical driving force for Cu 2+ across the PM). Both effects can, at least partially, offset each other. Thus, it is mechanistically more correct to express the BR as:
where b (mV À1 ) is again a curve fitting parameter [see Wang et al. (2011) 
in the denominator can be omitted (Slaveykova and Wilkinson, 2005; Luo et al., 2006) . Any true competitive effects (i.e. for reaction with the physiologically active site at the PM) due to H + or other coexistent cations can be taken into account by replacing the term
with the fraction (f Cu ) of the total R cell sites ([R cell ] total ) bound by Cu 2+ , where it is taken into account that activities of the competing cations at the PM surface are also dependent on W°0:
where K int R;Cu and similar terms K int R;C1 , are intrinsic binding
) and
is noteworthy that variations of Equation 5
and Equation 1 appear throughout the BLM literature (Di Toro et al., 2001; De Schamphelaere and Janssen, 2002) , but the BLM uses ion activities in the bulk-phase medium. As a consequence, the binding constants in the BLM should, strictly speaking, be considered 'conditional' (i.e. dependent on pH and concentration of other ion in the medium). Therefore, by combining Equation 4 (electrostatic effects) with Equation 5 (site-specific competition, BLM), Equation 6 can be derived, which essentially computes the BR taking into account both (i) the dual electrostatic effects of W°0 at the PM surface and (ii) site-specific competition at the PM surface.
where
in which c¼aJ max (dimensionless). Thus, Equation 6 allows assessment of the importance of electrostatic and competition effects. In particular, if the alleviatiatory effects of a coexistent cation C i can be explained solely by electrostatical effects, then K int R;C1 ¼0. However, if model fitting indicates that K int R;C1 >0, this does not necessarily mean that the added alleviatory effect is a true competition effect. It is also possible that there is a physiological basis to this added alleviatory effect.
To evaluate the effects of coexistent cations on a Cu toxicity threshold, data from different ionic environments can be compiled for which the BR is constant (e.g. BR¼50%). For different combinations of concentrations of coexistent cations C i , a different Cu 2+ activity in the bulk-phase medium may be required to produce 50% inhibition. This activity is denoted as EA50{Cu
Similarly, the corresponding PM activity of Cu 2+ required to cause BR¼50% also varies with the ionic environment and this activity is denoted as EA50
can be calculated with the Nernst equation (Equation 2). If BR is determined only by J influx as assumed above, then J influx /J max at BR¼50% will be a constant, denoted as (J influx /J max ) (50) , and is equal to (1/c)(ln(2))
, irrespective of pH and ionic composition of the medium). From Equation 8, it follows that in any medium with a Cu concentration resulting in a BR¼50%.
Rearrangement of Equation 8 allows the EA50 È Cu 2þ É 0 0 to be predicted using Equation 9 as follows 
From Equation 11, the coefficient
is a measure of the contribution of {CuOH + } to toxicity, relative to the contribution of the Cu 2+ .
Data treatment and statistics To validate the model described above and explore the mechanisms for the interactions between Cu 2+ and coexistent cations, data with BR (root elongation or relative uptake rate) in response to Cu 2+ and coexistent cations were compiled for analysis from previous publications and from PM Kopittke et al. (unpublished data , Na + , and H + ) on the bioaccumulation rate of copper by an aquatic moss (Fontinalis antipyretica L. ex Hedw.). For all experiments, the experimental conditions and treatments were similar. Additional details for the bioassay conditions including solutes are presented in the Results and discussion. In our analyses, raw experimental data (i.e. media composition and BR) were supplied by the authors or taken from the authors' tables. For each data point, the root net elongation (RNE), or EA50{Cu 2+ } b (expressed as free copper ion activity in the bulk medium), or the Cu accumulation rate in response to ionic compositions in the bulk-phase medium were recorded. The authors of the published studies computed the activities of all ion species in solutions. In the current study, these values were recalculated using up-to-data equilibrium constants based on the ion composition in soil solutions using MINTEQ 3.0 (US EPA). The speciation calculations included atmospheric CO 2 (pCO 2 ¼10 À3.5 atm). The values obtained agreed closely with the authors' calculations. Next, W°0 was calculated for each data point with the GCS model, and then ion PM surface activities were computed with the Nernst equation (Equation 2). All coefficients in the equations were evaluated by regression analysis so that R 2 and the statistical significance of the coefficients could be evaluated. Regression analyses were conducted using SYSTAT 12 (Cranes Software International Ltd, India). The ion bulk or PM surface activities in regression analyses, unless otherwise stated, were expressed in molar units (M) . No coefficients are reported where the 95% confidence interval encompassed zero. The 'N' and 'n' present the total number of data points examined by the authors and the number of EA50 values, respectively.
Results and discussion
Effect of coexistent cations on W°0 and Cu 2+ PM surface activity
The addition of cations to the root contacting medium reduces the negativity of W°0. Figure 1 presents the values for W°0, which were calculated from several theoretical solutions containing different cations at environmentally relevant concentrations. The basal medium contains 0.2 (A) (B) (C) Fig. 1 . The calculated PM surface potential W°0 with the GCS model in response to Ca/Mg and Na/K (A), Al and Cu (B), and pH (C) in the range of their environmentally relevant concentrations. The basal medium contains 0.2 mM CaCl 2 , 0.2 mM MgSO 4 , 0.5 mM NaCl, and 0.5 mM KCl at pH 6.0 other than Al treatment which is at pH 4.5 and pH treatments (from pH 4.5 to 8.5).
mM CaCl 2 , 0.2 mM MgSO 4 , 0.5 mM NaCl, and 0.5 mM KCl at pH 6.0 other than the Al treatment which is at pH 4.5 and pH treatments (from pH 4.5 to 8.5). ) cations in the bulk-phase medium. Both Ca and Mg had equal effectiveness in terms of depolarizing the PM. For example, an increase in Ca or Mg from 0.2 to 15 mM increased W°0 from -47.8 to -5.9 mV (less negativity). by contrast, Na and K had the least influence on W°0, i.e. an increase in Na or K from 0.2 to 20 mM reduced W°0 by <10 mV. An increase in Mn 2+ from 0 to 2.0 mM increased W°0 from -47.8 to -20.2 mV (Fig. 1A) , whilst the addition of 10 lM of the trivalent Al 3+ to the bulk-phase medium (pH 4.5) increased W°0 from -30.5 to -8.8 mV. The W°0 did not increase substantially when Cu 2+ was added at environmentally relevant activities [<10 lM, (Luo et al., 2006) ] (Fig.  1B) (Yermiyahu and Kinraide, 2005) . Negative values of W°0 increase cation activities at the PM surface. The enrichment factor can be expressed with exp(-ZW°0/25.7) at 25°C for W°0 in mV. For instance, when W°0¼ -59 mV, mono-, di-, and trivalent cations will be concentrated 10-, 100-, and 1000-fold, respectively. Therefore, a reduction in the negativity of W°0 (induced by the addition of coexistent cations to the bulk-phase medium) would result in a decrease in È Cu 2þ
É°0
. Indeed, a reduction in W°0 negativity from -59 to -10 mV would for instance decrease È Cu 2þ É°0 from 100 to 2.2 lM despite a constant 1.0 lM {Cu 2+ } b in the bulk-phase medium.
Effect of Ca on Cu toxicity with Lactuca sativa
In a study with L. sativa, Voigt (2003) investigated Cu 2+ rhizotoxicity in response to six levels of CuCl 2 (from 0 to 0.68 lM) and three Ca concentrations (0.2, 1.0, and 2.0 mM) at pH 6.0. The RNE, % in response to {Cu 2+ } b at different Ca concentrations is shown in Fig. 2A . Increases in Ca significantly alleviated Cu 2+ stress. For instance, the 48 h EA50{Cu 2+ } b was increased from 0.06 to 0.12 lM (i.e. toxicity decreased by a factor of 2) as Ca concentrations increased from 0.2 to 2.0 mM. In the BLM, this alleviation of toxicity is commonly attributed to a site-specific competition between Ca 2+ and Cu 2+ at the plant-solution interface. However, we suggest that the alleviation may actually result from electrostatic effects and changes in the negativity of W°0, with associated effects on È Cu 2þ É°0 and the transport of Cu 2+ across the PM. From our reanalysis, an increase in Ca from 0.2 to 2.0 mM was predicted to decrease the W°0 from -56.6 to -28.4 mV. As a result, the enrichment factor of Cu 2+ at the PM surface decreased from 82.0 to 9.1. Interestingly, although the bulk solution Ca increased from 0.2 to 2.0 mM, È Ca 2þ É°0 slightly decreased from 14.7 to 13.1 mM. Simultaneously, the increases in Ca caused marked decreases in fH þ g°0 from 9.1 to 3.0 lM, despite its constant concentration in the bulk-phase medium ({H + } b ¼1.0 lM, pH 6.0). The fundamental premise of the BLM is that the toxicity decreases as f Cu decreases, and the decreased f Cu is a result of an increase in the occupancy of R cell by ameliorative ions (in this case, an increase in [R cell -Ca] 
É°0
, but (ii) increased the negativity of E m,surf (thereby increasing the electrical driving force for the transport of Cu 2+ across the PM). Although (i) and (ii) partially offset each other, the net result is a decrease in toxicity (i.e. alleviation) at constant {Cu 2+ } b ( Fig. 2A, B) . Interestingly, fitting the data with Equation 6 yielded a significant coefficient for K , respectively). The RNE was calculated by normalizing the data using the free-Cu treatment of each Al or Mn series as the reference solution, Electrostatic effects of plasma membrane and Cu phytotoxicity | 663 corresponding to the data from the Figs 2B, 3B, and 4B in the original publication. Although the authors discussed their results in relation to competition and electrostatic effects, our regression analysis (Equation 6) did not produce significant coefficients for K (Fig. 3C ). Once again, this indicates that the alleviatory effects of Al and Mn can be explained solely by electrostatic effects rather than site-specific competition. Indeed, RNE is more closely correlated to the term incorporating the dual effects of W°0 (R 2 ¼0.931) than to {Cu 2+ } 0 (R 2 ¼0.920) or to {Cu 2+ } b (R 2 ¼0.848) (Fig. 3) . Based on the evaluated equation, we can derive Equation10: EA50 È Cu 2þ É°0 ¼10 À5.65 /(1+0.0143W°0) (n¼7; R 2 ¼0.951, P <0.001). Wang et al. (2011) reported values of EA50{Cu 2+ } b , which varied from 0.29 to 1.21 lM, a variation of a factor of 4.2 for roots of wheat (cv. Yangmai 14) seedlings in a culture medium with variable CaCl 2 , MgCl 2 , NaCl, or KCl and pH (4.5-6.0). In nearly all cases, an increase in cation concentration (or reduction in pH) alleviated Cu were not significantly different from zero, indicating that all the alleviatory effects of coexistent cations could be accounted for solely by electrostatic mechanisms.
Effects of Al, Ca, Mg, Na, and pH on Cu toxicity with Vigna unguiculata PM Kopittke et al. (unpublished data) examined Cu 2+ rhizotoxicity to cowpea (V. unguiculata) seedlings alleviated by four Al levels (0 to 10 lM), five Ca levels (0.1 to 20 mM), four Mg levels (0.25 to 10 mM), four Na levels (0.25 to 20 mM), and three pH levels (4.6 to 6.0). The authors considered the relative root elongation (RRE) in terms of Cu 2+ PM surface activities and bulk Cu 2+ activities. The addition of cations (or reduction in pH) alleviated Cu 2+ stress, except for the Na treatment which had no apparent influence on Cu toxicity. In the current study, the EA50s (expressed as Cu 2+ bulk activity or PM surface activity) were calculated from observed RRE and free Cu 2+ ion activities or PM surface activities by fitting a sigmoid curve to the dose-effect relationships according to the model of Haanstra et al. (1985) . First, the data of EA50{Cu 2+ } b were analysed to derive a Cu-BLM using the method developed by De Schamphelaere and Janssen (2002 
.820, P <0.001. Only the coefficient K int R;H was found to deviate significantly from 0, indicating that H + had ameliorative effects greater than could be accounted for by electrostatic effects. Rather, the alleviatory effects of the other cations (Al, Ca, and Mg) could be accounted for from the dual electrostatic effects. The two factors at least partially offset each other, which may be the reason for the negligible influence of Na on Cu toxicity. Na has a slight depolarizing effect which would be somewhat offset by the increased electrical driving force.
Effects of pH and Cu speciation on Cu toxicity with Hordeum vulgare Wang et al. (2009) and Lock et al. (2007) investigated the impact of a wide range of pH values (from 4.5 to 7.7 in the study of Lock et al. and to 8.0 in the study of Wang et al.) on Cu toxicity to barley (H. vulgare) root elongation. The EA50{Cu 2+ } b values did not vary substantially in the lowpH range (4.5 to 6.5) but subsequently decreased as pH increased (solid lines in Fig. 4 Electrostatic effects of plasma membrane and Cu phytotoxicity | 665
Effects of Ca, Mg, Na, and pH on Cu short-term uptake rates with Fontinalis antipyretica or a decrease in pH reduced Cu uptake. The calculated J influx /(J max K R-Cu ) plotted against Cu 2+ bulk activity is presented in Fig. 5A . Next, the W°0 and ion PM activities for each media presented in their table 1 (Ferreira et al., 2009) É°0 ; n¼20; R 2 ¼0.962, P <0.001 (Fig. 5B) . The intrinsic binding constants for K int R;C 1 failed to evaluate significantly. Therefore, J influx is related to Cu 2+ PM surface activity only.
Prediction of EA50s
To examine the predictive capacity of the developed electrostatic model, an auto-validation was performed. Predicted EA50s were calculated using the evaluated Equations 9 or 11 and the Nernst equation (Equation 2), using the bulk activities of coexistent cations as input. Almost all of the predicted EA50s expressed in Cu 2+ bulk activity fit well with the observed EA50s within a factor of less than 2 (Fig. 6) , suggesting its potential utility in risk assessment of copper in natural waters and soils.
Conclusions
In nearly all cases, the observed interactions between Cu 2+ and coexistent cations can be attributable to changes in the dual effects of W°0 (the enhancement factor of Cu 2+ activity at the PM surface and the electrical driving force across PMs). The competitive effect between the interacting ions may not be true in those cases in which functions relating the biotic response with the dual effects of W°0 might be more adequate. An amended electrostatic model by incorporating the CuOH + toxicity is adequate to evaluate the effect of a wide range of pH conditions on Cu toxicity. The electrostatic uptake and toxicity model does not negate the BLM. Site-specific competition may explain some features of ion toxicity and alleviation. Whether or not the envisioned mechanisms of the BLM play a role in a particular situation, electrostatic effects will almost certainly play a role, and these electrostatic effects must be incorporated into any model, including the BLM, of metal toxicity prediction and risk assessment.
